The development of low-speed wind turbines significantly improved the exploitation amount of wind energy resources. A new method is developed to analyze the development potential of wind energy resources considering the contribution of wind energy technology advancement. The result shows that the technical potential of low-speed wind power in 19 central and southeast provinces of China increased from 300 million to 1 billion kW. Although much more low-speed wind energy resources will become exploitable with the help of low-speed wind turbines, it is noteworthy that the wind shear in the sweeping areas of this region is larger compared to that in mountainous areas.
INTRODUCTION
Wind power is generated by the kinetic energy from surface atmospheric motion, which depends on both low-level atmospheric motion and topography. Therefore, the wind energy resources are endowments of nature and closely relates to climatic and geographic conditions. However, the availability of wind energy resources depends on not only natural conditions but also technology. With the development of wind energy resource assessment technology, our understanding on the distribution and storage of wind energy resources will become more accurate. With the continuous development of wind energy utilization technology, more and more wind energy resources will become available. _________________________ In recent years, China's long-blade and high-hub low-speed turbines technology developed rapidly. The wind energy utilization efficiency of low-speed turbines has been significantly improved. Wind with speed as low as 5-6m/s can also be used. Since the near-surface wind speed increases along with height, more wind energy can be obtained if the hub height increases too. The average wind speed distribution in China diagram (Figure 1) shows that the annual mean wind speed of the plain areas in Shandong Province, Jiangsu Province, eastern area in Anhui Province, northeastern area in Henan Province and areas long the Yellow River in Hebei Province would increase by 0.5m/s from 80m to 100m height. [1] . In addition, the annual mean wind speed of the Songnen Plain, Sanjiang Plain and Liaohe Plain in Northeast China can also increase by 0.5m/s. There are 19 provinces in the central, eastern and southern China that store 5-6m/s low-speed wind resources at the height of 90m. Among which, the northeastern Hebei Province, eastern Henan Province, inland of Shandong Province and Jiangsu Province, Anhui Province, western Hubei Province, and northeastern Hunan Province contains not only large but also contiguous low-speed wind resources. The development of low-speed wind turbines significantly improved the exploitation amount of wind energy resources. Therefore, the contribution of wind energy technology advancement must be taken into consideration when assessing the development potential of wind energy resources. For a long time, China adopts wind power density as the indicator of wind resource abundance. One area will be deemed worthy for wind resource exploitation if the local wind power density is greater than or equal to 300w/m2. However, as the impeller diameter of the turbine becomes larger, many assessment projects lower the acceptable wind power density to 250w/m2 or 200w/m2. Moreover, some projects also use the wind speed of 5m/s or 6m/s as the judgment standard. In fact, the output curve of wind turbines reflects wind energy efficiency. According to hourly wind speed and wind turbine output curve, the theoretical amount or duration (turbine operational hours) of power generation can be calculated. Since the theoretical amount or duration of power generation reflect not only wind energy resource potential but also the development level of wind energy utilization technology. Therefore, this paper intends to establish a wind energy resource grading system by using the calculated of the theoretical turbine operational hours and the available land area, which determined by natural geography, in order to analyze the increased wind energy resources development potential of China due to low-speed wind turbine advancements.
THE TECHNICAL POTENTIAL OF CHINA'S ONSHORE WIND ENERGY AND ITS GRADING SYSTEM
The 30-year (1979-2008) averaged wind energy data with the horizontal resolution of 1km*1km and the vertical resolution of 10m and the hourly meteorological and wind energy data with horizontal resolutions of 15km*15km, vertical resolutions of 10m from 1995-2015 were derived from the wind energy resources database of China Meteorological Administration. The mainstream wind turbine (the 2MW model with hub height of 80m and the impeller diameter of 99m) and the low-speed wind turbine (the 2MW model with hub height of 90m and the impeller diameter of 121m) of China in 2015 are used to calculate the theoretical power generation capacity factor on land and the theoretical operational hours. The power generation capacity factor (CF) and the theoretical operational hours are calculated as Formula (1) and (2) . CF = (power generation of a year)/(installed capacity x hours of a year) x 70% (1) Theoretical operational hours = CF x hours of a year (2) The available wind energy resources and their coverage were calculated in two steps. Firstly, the areas with annual mean wind speed at least 6m/s and annual operational hours no less than 1800 hours at the height of 80m, which were calculated based on 2015 mainstream wind turbine data, are defined as the wind energy reserve area. Then, the areas with annual wind speed at least 5m/s and annual operational hours no less than 1800 hours at the height of 90m, which were calculated based on low-speed wind turbine data, excluding the wind energy reserve area derived from the first step, are defined as low-speed wind energy reserve area. Low-speed wind energy reserve area was only estimated in the 19 provinces in the central, eastern and southern China, where low-speed wind are abundant. In addition, areas that are not suitable for wind power development, such as water bodies, nature reserves, cities and mountains with slopes greater than 30% are excluded. Mountains with slope between 3 and 30% and vegetated land types are all deemed to be partially available for wind power development (Table 1) [2] . The results would be the total land that is potentially available wind power development. The less area got eliminated and deemed restricted, the higher the available land ratio was. Figure 2 demonstrates the distribution of both available wind energy resources without lowspeed wind energy resources and low-speed wind energy resources only. The analysis suggested that the area for wind energy resources development was 1,730,000 km 2 originally. Low-speed wind energy utilization technology increased the area size by 610,000 km2. The technical potential power generation can be obtained by multiplying 4 MW per square kilometer with the available area ratio. In order to take into account the constraints of natural geography and ecological protection policies, the wind energy resources grades are determined by both theoretical operational hours and available land area ratio for development and classified into five levels, which are very abundant, abundant, good, moderate and low-speed wind (Table 2) . Very abundant resources grade indicates that the number of theoretical operational hours in this area and the available land area ratio in this area are both very high. On the contrary, moderate wind energy resources grade implies that the number of theoretical operational hours of wind power equipment in this area reaches 1800 hours, whereas the available land area ratio is relatively low. The low-speed wind grade is not further divided. 
TECHNICAL POTENTIAL OF LOW-SPEED WIND RESOURCES
The distributions of available wind energy resources and low-speed wind energy in China's onshore are shown in Figure 3 . It is found that very abundant and abundant wind energy resources are mainly distributed in northeast, north and northwest China. Good wind energy resources are found mostly in the northeast China, southern Tibet and the downstream regions of the Yellow River. Moderate wind energy resources are distributed across the country. Low-speed wind energy resources are distributed in the 19 provinces (autonomous regions) in the central, eastern and southern china. Among which, the southern Hebei Province, eastern Henan Province, western Shandong Province, Anhui Province and Jiangsu Province have relatively high land area ratio available for development. By multiplying 4MW/km 2 with available land area ratio, the technical potential of wind power generation at the height of 80m is estimated to be 3.5 billion kilowatts. Additionally, the 19 provinces in the central, eastern and southern China contain 700 million kilowatts of low-speed wind power generation capacity. Among all technical potential of wind power generation (80m), the very abundant, relatively abundant, good and moderate areas account for 17.8%, 23.1%, 13.1% and 46%, respectively, which suggests that the wind energy resources in China are mostly distributed in mountainous areas. It is found that Henan, Hebei, Anhui, Shaanxi and Sichuan are the provinces with the low-speed wind generation potential over 50 million kilowatts. The provinces with low-speed wind power generation potential account for over 80% of total technical potential include Henan, Anhui, Hubei, Jiangxi, Hunan and Hainan.
DISCUSSION
The formation of wind energy resources in China closely relates to monsoon activities, which reflected as northwest wind in the winter and southeast wind in the summer. On the other hand, wind resource formation also closely relates to topography. China is a mountain-dominated country with three altitude ladders, which decreases from the west to the east. There are hills, mountains and basins distributed on the highest (first ladder) and second highest (second ladder) ladders. There are also hills and plains in the lowest ladder (third ladder). The comparison of the average wind speed distribution and the terrain of China suggests that the first ladder (mostly Qinghai-Tibet Plateau), which has an average altitude of over 4,000 meters, contains abundant wind energy resources due to no obstruction, with the exception of Qaidam Basin, where the annual mean wind speed is less than 5m/s because of the low-lying terrain. The dividing line between the second and third ladder is Daxinganling -Taihang -Wushan -Xuefeng Mountains; it is clear that the areas with annual mean wind speed less than 5m/s are all located in basins and plains such as the Tarim Basin, Zhungeer Basin, Turpan Basin, Hami Basin, Sichuan Basin, Hetao Plain and Guanzhong Plain. The annual mean wind speeds in Qinba Mountain, the mountain areas in Hubei, Chongqing and Hunan are also less than 5m/s due to the blockage of Qinghai-Tibet Plateau. In the third ladder, there are three obvious wind energy resource hotspots in addition to the southeast coast. One is the Lingnan hilly area, where the wind with annual mean wind speed over 6m/s scatters on the top of hills. Another hotspot is the areas near the Northeast Songnen Plain, Sanjiang Plain and Liaohe Plain, where the annual mean wind speeds exceed 6m/s. The last one is the Middle Eastern plain, where the annual mean wind speeds ranges from 5 to 6m/s. As shown in Figure 1 , when the height increased to 100 m in the northeast, central and eastern plains, the annual mean wind speed can increase by 0.5m/s. Therefore the large low-speed wind energy resources in the central and eastern plains will become available with the help of high-hub low-speed wind turbines. Currently, more and more observation data showed that the wind speed in the central and eastern plains increased along with the height and the vertical wind shear in these regions is significantly larger than that in hilly areas.
In terms of the studies on the relationships between wind speed and height in the surface layer, the first influential field observation experiment was the American Great Plains Experimental Program in 1953 [3] . Then in the 1960s and 1970s, the United States carried out the Kansas and Minnesota experiments in the plains [4] . Based on the experimental results, Businger [5] obtained the flux profile relationship of the surface layer, which is still widely used today. The relationship between wind speed and height under different stable stratification conditions can be expressed as: (3) (4) In which and
After the sunrise, the atmosphere stratification condition gradually becomes more and more unstable. The thermal convection of the vertical motion becomes the strongest in the early afternoon. At that time, the change of wind speed along with the height is the smallest. After the sunset, the surface is cooled down and stratification becomes more and more stable. The wind shear is very obvious as the vertical movement is inhibited. The wind speed in the surface layer is changes rapidly along with the height under the stable and very stable stratification conditions.
There are many surface layer observation experiments under the flat and uniform underlying surface conditions. The Hovore wind turbine test center, which located at the suburb along the west coast of Denmark, has a 116-meter-tall meteorological observation tower and a 160-meter-tall lighthouse. The wind measuring devices are installed at 2m, 10m, 40m, 60m, 80m, 100m, 116m of the meteorological observation tower and at 160m of the lighthouse. Moreover, there are turbulent flux observations collected at different heights. Only 30 º-90 º wind direction data are collected when analyzing the wind speed profiles in order to ensure that the air flux is above flat and uniform land surface. Xilinhot observation tower is located at the highest point of a plateau with gentle slope terrain and dense grass coverage. During the daytime, under the influence of solar radiation, the convective development is strong and the atmospheric instability occurs significantly more frequent than at Hovore. Since Hovore wind tower is located along the coast, where the diurnal variation of surface temperature is smaller than that in the plateau region, the neutral stratification frequency is high and the very unstable frequency is low. Gentle slope terrain has little effect on the convective instability during the day. The vertical wind profile of Xilinhot under unstable stratification is basically the same as that of Danish Hovore. Under the stable atmospheric stratification condition at night, there is a certain degree of near-surface vertical movement in Xilinhot due to the dynamic movement of terrains. Therefore, the changes of wind speed along with the height is less obvious that that of Danish Hovore. We selected 53 out of the 400 wind towers from the wind energy resources observation network of the China Meteorological Administration during 2008 to 2009. Among which, 14 wind towers are from the Yunnan-Guizhou Plateau; 22 wind towers are from the Songnen Plain in Northeast China; 14 wind towers are from located in Jiangsu and Shanghai along the coastline and only three wind towers are set in the central and eastern plains because it was believed that the wind energy resources there have no use value. One was located on the old course of the Yellow River in Henan and two in Anhui province. Figure 10 demonstrates the vertical wind profiles in the four regions above. In the hills and mountains of the Yunnan-Guizhou Plateau, near-surface vertical movement, which is generated by nocturnal atmospheric movement and the obstruction of the terrain, increase the instability. Therefore, the increase of wind speed along with heights in Yunnan-Guizhou Plateau is not significant. In coastal areas, since the cooling of sea water is slower than that of land after the sunset and the sea surface temperature is higher than that of land at night, it is not easy to form relatively strong temperature inversion and very stable stratification conditions. Consequently, the change of wind speed along with heights is obvious in coastal areas of Jiangsu and Shanghai, however, the wind shear is not greater than that in inland plains. The terrains of Songnen Plain in Northeast China, the North China Plain in central and eastern China and the middle and lower reaches of the Yangtze River are flat and uniform, which is in line with the assumptions for atmospheric boundary layer turbulence similarity theory. Therefore, the comparison between Figure 6 and formula (3) (4) suggests that the wind speed increased rapidly along with heights in Songnen Plain and Middle Eastern Plain, which is consistent with the vertical profile of near-surface wind speed described by the turbulence similarity theory. For westerly wind, Songnen Plain will be affected by the dynamic effects of Daxinganling at certain degrees. Accordingly, the wind speed increment is slower than that in the central and eastern plains. Since there are only three wind towers in the central and eastern plains, further studies are required to understand the dynamics there. In conclusion, since there is no dynamic effect of topography in plains, the atmospheric stable stratification can be developed sufficiently after the sunset, which ensue faster increases in wind speed along heights, Figure 6 . Comparison of vertical wind profiles in different regions.
CONCLUSION
With the progress of wind energy utilization technology, more and more wind energy resources become available for exploitation. The emergence of low-speed wind turbine made the wind energy resources in 19 central and southeast provinces of China become available, the area of wind energy resources increase by 610,000 km2 and the technical potential of low-speed wind power increase by 700 million kW. Consequently, the technical potential of low-speed wind power in 19 central and southeast provinces of China increased from 300 million to 1 billion kW.
Since the terrain of central and eastern plains is flat and uniform, the near-surface atmospheric structure and diurnal variation are consistent with the classical turbulence similarity theory. The atmospheric stable stratification is not affected by terrain during night. Therefore, the near-surface wind speed increases more significantly along with heights there comparing with that in mountainous areas. Large areas in central and eastern plains are found to have annual mean wind speed of 5m/s at the height of 80m. With the help of low-speed wind turbines, much more low-speed wind energy resources will become exploitable. It is noteworthy that the wind shear in the sweeping areas of this region is larger compared to that in mountainous areas.
